Kinetics of oxidation of L-cysteine by pairs of trans and racemic cis isomers of cobalt(III) and iron(III) based transition metal complexes have been studied in aqueous solution. Kinetics measurements were run under pseudo first order conditions in which the concentration of cysteine is between one and two orders of magnitude greater than that of the isomers of the transition metal complex. The orders of the reaction with respect to both cysteine and the isomer were determined.
Introduction
Geometric isomerisms are common among coordination compounds. They contain the same type and the same number of ligands, but arranged differently around the central transition metal ion in the complex. Study of isomers provides much of the experimental knowledge used to develop and defend coordination theory. For four-coordinated compounds, trans and cis isomers are common in square planar molecules. For the octahedral geometry of six-coordinated compounds, with monodendate ligands, several geometric isomerisms are possible. However, if some of the ligands are bidendates, the number of possible isomers is limited. In the present work, octahedral transition metal complexes of the type [M(L-L) 2 Cl 2 ]Cl (where L-L is a bidendate ligand) were selected for a kinetic study.
Several investigators have studied the effect of geometric isomerism on the reactivity of some isomers with various reagents. Using optical rotatory dispersion, IR and NMR spectroscopy, de Vekki et al. [1] studied the reaction of the optically active geometric isomers of the platinum(II) complex (-)-[Pt(Me-p-0932-0776 / 06 / 1100-1346 $ 06.00 © 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com TolSO)(Py)Cl 2 ] with several nucleophilic reagents (Py, Ph 3 PS, Ph 3 P, Ph 3 As, and MeSO). The effect of geometric isomerism in platinum complexes used as anti-tumor agents has been studied by Farrell et al. [2] . They found that the binuclear platinum complexes [{trans-PtCl(NH 3 ) 2 } 2 -µ-{NH 2 (CH 2 ) n NH 2 }](NO 3 ) 2 (n = 4, 6) and [{cis-PtCl(NH 3 ) 2 } 2 -µ-{NH 2 (CH 2 ) n -NH 2 }](NO 3 ) 2 (n = 4, 6)] exhibit anti-tumor activity comparable with cisplatin. Also, they found that, at 37 • C, the initial binding and reaction of the cis isomer was slower than that of the trans isomer. Toma et al. [3] reviewed linkage isomerization reactions from the aspect of kinetics and mechanisms involved, some focusing on selected cases of direct formation, as well as on electrochemical, photochemical, thermal and pH-induced generation of linkage isomers. The biodegradation kinetics of geometric isomers of model naphthenic acid in water has been studied by Peru et al. [4] . The rates of biodegradation of six model naphthanic acids by heterotrophic bacteria were compared. Specifically, they monitored by gas chromatography in surface water the biodegradation of cis-and trans-isomers of 4-methylcyclohexenylacetic acids, 4-methylcyclohexanyl-carboxylic acids, and 3-methylcyclohexenylcarboxylic acids.
Oxidation of amino acids by a transition metal complex has been studied using different methods, including stopped-flow spectrophotometry, chemical analysis of products, and the use of radioactive and stable isotope tracers. Discussion of these methods, along with much of the data produced and interpretation of the results according to different pathways in this field, is given elsewhere [5] . Several investigators reported studies on the oxidation process of amino acids by various transition metal complexes [6 -15] . Kinetics and mechanism of oxidation of L-methionine by a 1,10-phenanthroline iron(III) complex in perchloric acid medium have been studied by Vani et al. [6] . Sharma et al. [7] reported the reactivity of iron(V) and iron(VI) with both glycine and α-alanine, at pH 12.4 and 23 -24 • C, using stopped-flow and pulse radiolysis techniques. Laloo et al. [8] studied the kinetics of the oxidation of three amino acids (lysine, arginine, and histidine) by alkaline hexacyanoferrate(III) at constant ionic strength over the temperature range 318 -338 K. Jameson et al. [9, 10] reported anaerobic oxidation of cysteine to cystine by iron(III) in acidic solution using stopped-flow high-speed spectrophotometry. The oxidation of amino acids to aldehydes, in the presence of Os(VIII) as a catalyst, by alkaline hexacyanoferrate(III) has been reported by Mehrotra et al. [11] .
From our laboratories, several papers have been published [12 -15] on the oxidation of some amino acids by transition metal complexes. Of particular interest and relation to the present work, AbdelHalim et al. [12] reported recently kinetic measurements of L-cysteine oxidation by chromium(III), manganese(III), iron(III), and cobalt(III) based transition metal complexes. The authors [13 -15] also reported kinetic studies on the oxidation of L-cysteine and proline by some cobalt(III) and iron(III) based complexes containing various ligands such as CN, NO 2 , acac, NH 3 , urea, en, and 1,10-phenanthroline. They investigated the effect of the nature of the ligand in the transition metal complex on the rate of oxidation of cysteine. Previous studies on the coordination chemistry of heteroatom-containing ligands [16, 17] , and their catalytic applications [18, 19] , were also reported by these authors.
In the present work, kinetics of oxidation of L-cysteine by pairs of trans and racemic cis isomers of cobalt(III) and iron(III) based transition metal complexes have been studied in aqueous solution. For each metal ion, the observed rates and the rate constants of oxidation processes is given. Correlation has been made between the rate of the oxidation process and the geometry around the metal ion (cis and trans).
Experimental Section
Materials: L-cysteine (minimum assay 99%) was purchased from BDH Laboratory Supplies (England) and was used without further purification. The cobalt(III) and iron(III) trans-and cis-pairs complexes: trans-[Co(en) 2 
(L-L = 1,2-ethylenediamine, 2,2'-bipyridine, 1,10-phenanthroline; and M = Co, Fe). The product was filtered, washed with ethanol and diethylether, and dried. Slow evaporation of the filtrate for several days gave crystals of the corresponding racemic cis-isomers (2, 4, 6, 8, 10 , and 12). The geometry of each isomer was confirmed by its physical properties (melting point and color) and by its UV-vis spectrum: trans-[Co(en) 2 Kinetic measurements: Freshly prepared aqueous solutions of the desired concentrations of complexes and of L-cysteine were used for the kinetic measurements. The measurements were carried out using a Diode Array Spectrophotometer model 8453E from HP Agilent Technologies. The reactions were monitored by following the change in the absorbance of the trans-or the racemic cis-isomers of Co(III) and Fe(III) metal complex (MC) with time at a predetermined wavelength. This wavelength was determined by recording the absorption spectral curves, for the MC and for its mixture with cysteine (Cys) after the completion of the reaction. The reaction progress and the reaction rate were monitored at the wavelength of maximum absorbance difference (λ mad ) between the absorption of MC and that of the mixture at the end of the reaction. A list of λ mad for various complexes is shown in Table 1 . All oxidation reactions were studied under pseudo first order conditions. The concentrations of Cys used [10 −2 -10 −1 mol dm −3 ] were chosen to be 1-2 orders of magnitude larger than that of the MC [10 −4 -10 −2 mol dm −3 ]. The ionic strength of the solutions was kept constant at 0.20 mol dm −3 using NaClO 4 . The temperature of the solution and its pH were both maintained at 25±0.1 • C and 7.0 ± 0.1, respectively.
Results and Discussion
Oxidation of cysteine (RSH) leads to formation of cystine (RSSR), as shown below [21] .
RSH → RSSR + 2H
+ + 2e
Estimation of residual oxidant suggested that 2 moles of cysteine consumed 2 moles of the MC, [M III (L-L) 2 Cl 2 ] m+ , where M is the transition metal, such that
where m is the charge on the M(III)-L complex. The rate of the reaction is given by
where k is the reaction rate constant and a, b are the orders of the reaction with respect to the concentration of Cys and MC, respectively. It was found that the rate is, in general, dependent on the first power of both the concentrations of substrate and oxidant, i. e., a ≈ b ≈ 1, in agreement with previous studies [6, 8, 12 -15] . Since M(III) complexes are all one-electron oxidants, the oxidation of cysteine would give a radical intermediate, and the following mechanism is proposed:
• → RSSR (4) where the second step is the rate-determining step.
Under pseudo first order conditions, in which [Cys] [MC], the concentration of the cysteine is essentially constant throughout the reaction. The reaction rate is then given by
where k obs is the observed rate for the reaction, given by
where k is the second-order rate constant for reaction (2) above. For a first-order dependence of the reaction on [MC], the experimental absorbance-time data pairs were fit to the exponential function:
where A t is the absorbance of the MC at time t through the reaction, A 0 is the initial absorbance of the complex (t = 0) and A ∞ is the final absorbance of the reaction mixture at the end of the reaction (t = ∞). The value of k obs (in s −1 ) can be obtained from a plot of ln(A t ) versus time. A plot of k obs versus [Cys] gives the value of the second-order rate constant, k, in units of dm 3 mol −1 s −1 . Kinetics results for the oxidation of cysteine by various trans-and cis-pairs are shown in Table 1 . Table 1 shows experimental results for various Co(III) and Fe(III) trans-and racemic cis-geometric pairs. For all complexes studied, the observed rate constant for the trans-isomer is found to be one to two orders of magnitude greater than that for the cis-isomer, while the second-order rate constant for the transreaction is two to three orders of magnitude greater than that of the racemic cis-isomer. This difference in rates can be explained by the reaction mechanism and geometric factors. Deciding via which mechanism the oxidation process of cysteine by a transition metal complex will proceed may be difficult. If the ligand in the complex has extra lone pair(s) with which to form "links" to cysteine and if the geometry around the metal center leaves enough space for cysteine to bind to this ligand, then the reaction is more likely to proceed via an inner-sphere mechanism. In this case, a substitution reaction that leaves cysteine and MC linked by the bridging ligand takes place, and the actual transfer of the electron is frequently accompanied by transfer of the ligand followed by separation of the products. However, when the ligands in the MC have no extra lone pairs with which to form bonds to cysteine, or when there is a "closed" or crowded geometry around metal center, then the ligands are tightly held and there is no change in the coordination sphere on reaction, the reaction proceeds by outer-sphere electron transfer [22] .
Looking at ligands and structures of MC's studied in the present work (Fig. 1 ) reveals that they all have closed octahedral geometries that do not permit linking between cysteine and MC. Also, according to Taube [5] , an inner-sphere redox reaction requires two metal centers, which is not the case in any of the MC's used. Therefore, we believe that all reactions studied in the present work proceed via an outer-sphere mechanism.
Since direct linkage between Cys and MC is not possible, then the rate of electron transfer from Cys to M(III) in the MC, according to (2) above, will depend on the closest distance the two reactants can approach each other. Obviously, the trans-isomer, which is less crowded than the cis-isomer, can provide a closer distance of approach from both sides ("top" and "bottom") of the MC. This will lead to higher rates for trans-isomers than for cis-isomers. Table 1 clearly shows that this is the case for all trans-and cis-isomers pairs studied.
The differences in rates due to the nature of the ligand [en, bipy and phen] and due to the metal center [Co(III) and Fe(III)] were discussed in our previously published work [12] .
Conclusion
The rates of oxidation of L-cysteine by pairs of trans-and racemic cis-isomers of Co(III) and Fe(III) complexes with various ligands were studied. Rates were found to be one to three orders of magnitudes higher for the trans-isomer. The differences are attributed to steric factors. The less crowded transisomers facilitate electron transfer making the oxidation process faster than the cis-isomers.
